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The  principle  of  operation  of  the  constant  oblique 
field,  electrostatic  generator  is  described  and  the 
Increase  in  power  obtained  from  a  generator  featuring 
this  field  arrangement  is  predicted  from  theoretical 
investigations.  A  generator  has  been  built  and  tested 
in  air  and  in  a  vacuum  environment  of  2  x  10"^  to  7  x  10"^ 
mmHg.  The  results  of  the  tests  in  air  have  met  those 
anticipated.  A  five- inch  diameter  rotor  has  produced  a 
power  of  12.5  watts  at  15,000  rpm.  The  vacuum  tests  have 
yielded  values  somevdiat  greater  than  those  obtained  in  air, 
whereas  data  from  previous  experisienters  show  that  an 
increase  in  po%rar  by  a  factor  of  50-100  should  be  eiqpected. 
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1.  IntrodwQtlon 


During  th«  ysars  1959  and  I960  considarttion  aaa  glvan 
at  Cosmic «  Inc.  to  tranapoaing  for  spaca  application  tha  stata 
of  tha  art  of  alactroatatic  ganaratora  as  it  appaarad  in  Inglishf 
French,  and  Oarman  publications.  Ona  of  tha  prime  considerations 
was  to  maximisa  tha  power  par  unit  volume  of  tha  alactroatatic 
generator.  Tha  investigation  was  limited  to  those  generators 
utilising  one  or  a  plurality  of  conducting  carriers  and  a  study 
was  made  of  the  various  types  Icnown.  Following  the  classification 
described  in  Ref.  1.  a  study  was  made  of  the  field  in  the  gap  and 
on  the  svurface  of  the  rotor  mesbers. 

The  force  on  the  rotor  is  tangent  to  the  lines  of  force 
of  the  electrostatic  field  and,  therefore,  is  perpendicular  to 
the  surface  of  the  conducting  carrier.  Fig.  1  shows  the  line  of 
force  on  a  rotor  menber  of  a  single-capacitor,  two-element  machine. 
One  can  see  that  the  surface  of  the  rotor  contributes  to  the 
energy  conversion  only  at  the  edges  of  the  rotor  blade.  On  most 
of  the  surface  of  the  blade,  the  lines  of  force  are  perpendicular 
to  the  direction  of  the  motlcm  and  the  forces  exerted  on  the 
surface  of  the  rotor  do  not  contribute  to  energy  conversion.  Let 
us  examine  What  this  means  in  terms  of  the  field  in  tlw  gap.  The 
rotor-stator  gap  is  submitted  to  an  electric  field  so  that  it  has 
an  energy  density  equal  to  at  any  given  point.  This  poten¬ 

tial  energy  is  released  only  «Aien  an  edge  is  adjacent  to  this 
particular  point.  It  is  therefore  desirable  to  have  an  electro¬ 
static  generator  in  %bich  most  of  the  rotor  surface  «iDUld  be 
submitted  to  active  surface  forces  or,  to  put  it  in  terms  of 
electrical  stresses  in  the  gap,  to  have  a  generator  in  Which 
continuous  energy  conversion  occurs  at  each  point  of  the  gap. 

Such  a  hypothetical  design  is  shown  in  Fig.  2  %diere  a  rotor  is 
submitted  to  the  influence  of  two  stators  in  such  a  manner  that 
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Figure  2.  Constant  Oblique  Field  Machine 
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•  eoMtant  obllqua  £i«ld  is  •■tablishad  in  th*  gi^.  It  it  to  b* 
notod  that  for  a  ^norator  in  idiieh  tha  tiaa  of  tba  atator,  rotor 
and  rotor-atator  gap  art  dataminad,  tba  higtiaat  powar  will  ba 
obtainad  with  tha  eonatant  obliqua  fiald  ganarator,  aaauadng  that 
tha  dialactric  awdiun  or  vacuua  can  ba  anhadttad  to  tha  aaaa 
alactrical  atraaa. 

Lat  UB  conaidar  tha  two  axtrana  caaaa  of  tha  obliqua 
fiald,  tha  caaaa  in  which  tha  fiald  ia  parpandicular  or  tangantial 
to  tha  rotor  aurfaca.  In  both  caaaa  no  anargy  convaraion  takaa 
placa.  Aa  will  ba  aaan  in  mora  datail  latar,  a  nonaal  fiald  would 
corraspond  to  a  ganarator  oparating  undar  short-circuit  conditiona 
ao  that  chargas  ara  baing  carriad,  tharaby  craating  a  nonaal  field 
without  alavation  of  potential  in  the  longitudinal  direction.  If 
tha  fiald  ia  tangantial  to  tha  rotor  aurfaca,  tha  rotor  carriea 
no  charges.  BoiMvar,  a  diffaranca  of  potential  exists  between  tha 
input  and  output  poles;  this  corresponds  to  the  open  circuit 
operation. 

It  is  to  be  ramamibarad  that  most  generators  of  the  in¬ 
sula  ting-car  riar  type  feature  a  constant  obliqua  field.  In  a 
Van  da  Oraaff  ganarator  tha  stator  consists  of  a  series  of  rings 
connected  by  resistors.  This  in  itself  constitutes  only  a  first 
approximation  of  a  constant  obliqua  field.  Ho%«avar,  in  tha 
generators  of  tha  Felici  type  (Raf.  2)  the  stator  is  a  continuous 
flat  surface  of  semi-conducting  dialactric,  thereby  providing  a 
constant  obliqua  field.  These  generators  have  reached  a  fairly 
high  power  par  unit  area  of  rotor  surface.  Hovraver,  this  po«wr 
is  not  as  high  as  the  dielectric  properties  of  tha  insulating 
meditim  (pressurized  gases)  would  permit.  This  is  because  tha 
Felici  and  Van  da  Oraaff  generators  rely  for  their  operation  on 
ionized  zones  for  ccxnnutatlon,  %dilch  have  a  tendency  to  enhance 
longitudinal  discharges  in  the  gap. 

So  far,  we  have  only  concerned  ourselves  with  a  hypo¬ 
thetical  field  sltutation  as  far  as  conducting  carrier  generators 
are  concerned.  Fortunately,  there  exlsta  one  type  of  generator 
which  can  be  built  and  idilch  exhibits  the  remarkable  constant 
oblique  field  property.  The  rotor  is  a  conbinatlon  of  insulating 
and  conducting  parts.  The  charge  carriers  are  rods  idilch  are  not 
directly  adjacent  to  the  gap.  They  are  covered  by  an  insulating 
material  in  Which  they  are  enbedded.  The  stator  consists  of  a 
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2. 

This  ■•ctlon  suanariMS  th*  rasulta  of  tho  thoorotieal 
■tudloa  carriad  out  under  thia  prograai  and  containa.  1)  a  dia- 
cuaalon  of  the  geometry  of  the  diak  type  of  electroatatic 
generator  conaldered  here,  11)  a  formulation  of  a  general  field- 
theoretic  deacrlptlon  of  generator  performance,  111)  a  more 
conventional  dlacuaalon  of  the  Influence  of  material  propertlea 
and  geometry  upon  generator  oul^ut,  and  Iv)  a  definition  of  a 
yardatlck  uaeful  for  conparlng  generator  performance. 


2.1  Generator  Geometry 

The  generator  conaldered  here  conalata  of  three  coaxial 
dlakat  a  central  rotor  dlak  and  tmo  Identical  atator  dlaka, 
dlapoaed  ayimnetrlcally  relative  to  the  rotor  and  aeparated  from 
the  rotor  by  an  Inaulatlng  gap  of  either  air  at  atmoapherlc 
preaaure  or  vacuum.  The  rotor  atructure  la  coopoaed  of  an  elec¬ 
trically  Inaulatlng  material,  haa  a  thlckneaa  2b  and  a  radlua  R 
(Fig.  3)  and  containa  m  equally-apaced  charge  carrlera,  Which 
are  poaltloned  aymmetrlcally  relative  to  the  rotor  mid-plane. 

The  charge  carrlera  are  cylindrical  conductora  Which  have  a 
radlua  a  and  are  dlapoaed  radially  (l.e.,  like  the  apokea  of  a 
wheel)  between  an  Inner  radlua  XR  and  an  outer  radlua  MR,  Where 
0  <  X  <  M  <  1.  The  Inaulatlng  gq>  haa  a  thlckneaa  d.  Bach  atator 
dlak  la  conpoaed  of  a  aeml-conductlng  dielectric  and  haa  a  thlck¬ 
neaa  h.  On  the  outer  (relative  to  the  rotor)  face  of  each  atator 
are  2p  equally-apaced,  radially-tapered  Inductor  electrodea.  Bach 
Inductor  haa  zm  angular  width  H  and  extenda  radially  frcMB  XR  to 
MR.  To  aumnarlae,  the  ge<xBetry  of  the  machine  conaldered  here  la 
completely  apeclfled  by  the  parametera  a,  b,  d,  h,  R,  X,  M,  0  and 
the  Integera  m  and  p,  or  equivalently,  the  anglea  a  •  TT/p  and 
0  ■  2iT/m. 


With  thla  generator  geometry.  It  la  convttilent  to  Intro¬ 
duce  a  cylindrical  coordinate  ayatem  (a,  p,  a)  Where  a  la  the 
axial  dlatance  along  the  ahaft,  a  la  the  radial  dlatance  from  the 
ahaft  and  p  la  the  polar  angle.  Thua,  for  example,  the  rotor 
volxime  la  defined  by 

Rotor:  -b  <  a  ^  -i-b,  0  <  a  <  R  (1) 
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Figure  3.  Sketch  of  Generator  Ge<»netry  and  Field  Lines 
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and  ^ha  gap  anJ  stator  volunas  ars  dsflnad  analogously.  Lass 
trivially,  tha  surfaca  of  a  charga  carriar  is  dsfinsd  by 

sin^Ccp  -  Vjj)  +  8*  ■  a*  XR  <  s  cos(«p  -  <  U«  (2) 


Vhara  «  kp 

k  >  1,  2,  .  .  . ,  in 


2.2  Field-Theoretic  Description  of  Qanerator  Perfonamce 

In  general,  if  a  force  with  density  F  acts  iqpon  a  sur¬ 
face,  the  elements  of  which  are  moving  at  velocity  v,  then  the 
force  does  work  at  a  rate,  W,  given  by 

W  -  J*F  •  V  dS  (3) 

Where  the  Integral  is  taken  over  the  entire  surface  in  question. 
(Note  that  underscored  symbols  denote  vectors) .  In  an  electro¬ 
static  generator,  electric  power  is  obtained  by  esqpending  mechan¬ 
ical  energy  to  move  charged  structures  through  an  electric  field. 
In  the  generator  considered  here,  the  only  moving  charged  surfaces 
are  formed  by  the  charge-carriers  themselves.  Tha  velocity  of  any 
point  on  these  surfaces  is  circumferential  with  magnitude  ois  Where 
w  is  the  angular  velocity  of  the  rotor;  the  force  density  at  any 
such  point  is  normal  to  the  surface  and  has  magnitude  c^q^/2, 
where  e,.  is  the  capacitivity  of  the  rotor  insulating  material  and 
Is  the  electric  field  at  the  charge-carrier  surface.  Thus, 
Equation  (3)  gives  the  Instantaneous  power  as 

W  -  /Cj-CEcVz)  (n  .  a^)ai)s  dS  (4) 

where  the  Integral  is  taken  over  all  the  surfaces,  defined  by 
Equation  (2) ,  and  n  and  ^  are  the  unit  vector  normal  to  the 
charge-carrier  surface  and  the  unit  vector  in  the  circumferential 
direction,  respectively.  It  should  be  noted  that  those  portions 
of  the  surface  tdiich  are  moving  perpendicular  to  the  local  norsml 
contribute  nothing. 

Equation  (4)  is  rigorously  true  for  an  ideal  (i.e., 
loss  -  less)  generator  and  thus  provides  the  most  satisfactory 
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bftils  for  analysing  ganarator  parfornanea.  Howavar*  in  ordar  to 
usa  thia  approach,  It  is  naeaasary  to  pradict  tha  fiald  at 
avary  point  on  tha  charga*^arrlar  surfaeas.  Althou^  this 
forsddabla  task  appaars  navar  to  hava  haan  accoaplishad  for  any 
alactrostatlc  ganarator,  tha  problam  can  ba  fonaulatad  as  follows. 
Tha  Ingradlants  of  tha  problam  ara,  in  addition  to  tha  ga<»iatrlc 
parameters  defined  above,  the  excitation  voltage  and  material 
propertlas,  8\x:h  as  capacitivity  c,  dlalactrlc  constant  k  and 
volume  resistivity  p  or  volume  conductivity  Y.  The  electrostatic 
potential  t  (related  to  electric  field  E  by  E  *  satisfies 

Laplace's  equation  within  every  homogeneous  volume.  (For  conven¬ 
ience,  the  potential  and  other  properties  in  different  regions 
are  distinguished  by  subscripts:  c,  r,  g,  s,  referring  to  the 
charge  carriers,  rotor,  gap,  and  stator,  respectively).  The 
potentials  in  different  regions  are  patched  together  by  the 
boundary  conditions,  which  take  the  following  form.  The  potential 
of  the  Inductors  is  specified,  while  the  charge  carriers  are  equl- 
potentlal  surfaces  Which  are  cyclically  grounded.  Since  the  stator 
is  conducting  and  the  gap  is  not  (except  in  the  air  model.  When  the 
excitation  voltage  is  above  the  Ionisation  threshold)  ,  true  charges 
appear  at  the  stator-gap  interface  and  the  field  within  the  stator 
is  tangential  at  this  surface,  as  is  shown  in  Fig.  3.  At  the  gap- 
rotor  Interface,  the  normal  dielectric  refraction  takes  place  and 
no  true  charge  is  present. 

Explicit,  quantitative  statement  of  the  mathematical 
problem  described  verbally  above  has  proved  extremely  valuable 
for  clarifying  the  roles  played  by  the  various  ingredients  of 
the  problem.  However,  even  under  the  simplifying  and  realistic 
first  approximation  that  radial  variations  (i.e.,  dependencies 
iqpon  s)  can  be  ignored,  the  problem  remains  Intractable  and  will 
not  be  pursued  further  here.  Rather,  we  shall  turn  to  more 
customary  and  more  expedient,  albeit  less  satisfying,  means  for 
predicting  generator  performance. 


2.3  Influence  of  Materials  and  Geometry  Upon  Generator  Perfommnce 

Since  several  versions  of  "conventional"  theories  of 
electrostatic  generator  performance  are  available  (Refs.  1,  2, 

3,  4,  5),  these  results  are  not  summarised  here,  but  rather  Inbro- 
duced  as  needed.  Generator  performance  is  limited  by  breakdown 
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in  th«  9«p  iMtMMn  rotor  and  stator.  Consaquantly,  to  oibtain  tha 
hi^fhast  possibla  fiald  in  tha  gap,  tha  gap  thiehnasa  la  always 
chosan  aa  anall  as  is  consistant  with  raaaonabla  aasa  of  fatei- 
cation.  For  a  givan  gap  thlchnaas  and  charga-«arriar  radius,  it 
is  instruct Iva  to  detamina  tha  optlaail  rotor  thicloiaas.  Sines 
tha  ganarator  powar  output  is  proportional  to  tha  charga  Induead 
on  tha  charga  carriar,  t«e  shall  taka  tha  optinal  rotor  thlcknass 
to  ha  that  Which  raaulta  in  tha  largast  induced  charga  on  tha 
charge  carrier.  This  charge  per  unit  length,  q^,  is  givan  by 

<k:  -  (5) 

Where  ■  capacitance,  per  unit  length  of  charga  carriar 
with  respect  to  indv^tor  at  position  of 
maximum  capacitance 
Vex  *  excitation  voltage 

For  convenience,  we  assume  that  a  charge  carrier  can  be  treated 
as  a  single  cylinder  embedded  in  a  dielectric  slab  between  plane 
electrodes.  (In  other  fiords,  we  ignore  the  effects  of  the  other 
charge  carriers) .  The  capacitance  C*  of  the  charge  carrier, 
with  respect  to  the  rotor  face,  may  be  taken  aa  (Ref.  6) 


C* 


jnt 


(6) 


Elementary  considerations  show  that  the  capacitance  G||,  the 
potential  v'  of  the  rotor  face,  and  the  field  Eg  in  the  gap 
are  given  by 


Cm 

.2  0. 

''ex 

(7) 

v' 

.  to 

(8) 

V 

Rj'  d  -f  b 

^ex 

tf 

(9) 

Rr  d  4  b 

^ex 

Substitution  of  Equations  (6)  -  (9)  into  (5)  gives 
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9c 


(10) 


»  (2n«o) 


"*^JC 


For  a  glvan  gap  thicXnaas,  tlie  Maxt—i  valua  of  Bg  is  fixad. 
Consaquantly,  Bquatlon  (10)  pradicts  that,  for  a  glvan  gap  and 
charga<<!arrlar  sisa,  tha  inducad  charga  is  a  nlninniin  for  h/a  ■ 
eTr/4  *  2.13  and  Incraasas  staadily  as  h/a  is  althar  incraasad 
or  decraasad  from  that  valua.  Sinca  Equations  (6)  -  (9)  ara 
strictly  valid  only  for  h  large  cosparad  to  a,  conclusions  cannot 
be  drawn  from  (10)  regarding  values  of  b/a  smaller  than  2. 

Ho%«ever,  it  appears  that  the  induced  charge  will  be  greater  for 
smaller  values  of  b/a,  until  b/a  becomes  so  small  that  there  is 
not  enough  Insulating  ssiterial  to  saiooth  the  field  near  the  charge 
carrier.  Conversely,  increased  values  of  b/a  lead  to  increased 
values  of  Vex  (V^  Increasing  linearly  with  b)  and,  thus,  intro¬ 
duce  another  limitation  on  the  generator  output.  In  the  generators 
developed  under  this  program,  the  value  of  b/a  is  4  and  was  dic¬ 
tated  by  considerations  of  snechanical  strength  and  ease  of 
fabrication. 

The  output  power  of  the  generator  is  proportional  to  out¬ 
put  voltage,  which  in  turn  is  roughly  proportional  to  the  distance 
bet%#een  poles  (the  "constant  of  proportionality"  being  an  average 
value  of  the  tangential  field,  ^) .  Thus,  in  a  sense,  increasing 
the  separation  between  poles  may  lead  to  higher  outputs;  however, 
for  a  glven-slxed  generator,  increasing  the  pole  separation  is 
equivalent  to  decreasing  the  nusiber  of  poles  and  thus  redxiclng 
the  power  accordingly.  An  accxirate  treatment  of  these  conflicting 
effects  must  be  based  yspon  a  detailed  field- theoretic  study  of  the 
variation  of  tangential  field  with  distance  between  poles  and  upon 
more  refined  experimental  data  on  the  breakdown  tangential  field 
as  a  function  of  electrode  separation. 

The  semi-conducting  dielectric  stator  serves  to  smooth 
out  the  field  and  to  quench  discharges.  A  lower  bound  on  the 
resistivity  of  the  stator  material  can  be  established  by  demanding 
that  the  backward  "quenching"  field  exceed  the  sparking  field 
(c.f.  Ref.  8).  However,  a  lower  bound  can  also  be  established  by 
demanding  that  Joule  heating  losses  in  the  stator  be  kept  below  a 
prescribed  amount.  The  latter  course  was  followed  here,  in  the 
equivalent  form  of  demanding  that  the  leakage  current  not  exceed 
one  micro-ampere.  For  the  present  geometry  and  a  20  RF  potential 


10 


dlfferanc*  bet%««an  inductors,  this  is  squivslont  to  requiring  that 
the  resistivity  exceed  10^  ohn-neter.  The  resistivity  of  the 
material  used  here  is  greater  than  this  hy  two  orders  of  sagnituda. 
A  lower  limit  on  the  thickness  of  the  semi-conducting  dielectric 
stator  can  be  set  by  demanding  that  the  stator  not  be  completely 
penetrated  and  punctured  by  a  discharge.  Conversely,  for  a  stator 
thickness  Which  is  too  large,  the  lines  of  force  merely  tie  the 
inductors  together  and  can  reach  the  stator-gap  interface  only 
feebly  (Fig.  3) .  Accurate,  quantitative  assessment  of  the  in¬ 
fluence  o£  the  stator  geometry  and  material  must  be  based  upon  a 
detailed  fie Id- theoretic  approach,  %dilch  includes  the  effect  of 
the  stator  dielectric  relaxation  time  in  a  cyclically  varying 
environment. 

One  aspect  of  the  influence  of  the  semi-conducting  dielec¬ 
tric  stator  vihich  has  been  stressed  by  previous  investigators 
(Ref.  5)  is  that  such  a  stator  serves  to  limit  the  variations  of 
the  tangential  field  Eqi.  Felici  (Ref.  5)  has  pointed  out  that  the 
variations  of  Eip  induce  an  additional  normal  field;  however,  his 
demonstrations,  While  attempting  to  be  general,  fail  to  be  con¬ 
vincing  for  lack  of  rigor.  In  the  particular  case  of  concern 
here  we  shall  consider  a  volume  within  the  gap  between  rotor  and 
stator  defined  by 


b  <  *  <  b  +  d 
XR  <  s  <  UR 

and  limited  by  the  angles  «p  and  cp  -f  A«p.  Let  T  and  N  be  the 
components  of  the  electric  field  in  the  gap  Which  are  circvun- 
ferentlal  and  in  the  direction  of  the  z-axis,  respectively. 

With  these  notations  Gauss'  formula  for  the  voliime  defined  above 
becomes: 

2d(U  -  X)RT  -A(pR^(U^  -  X^)N  (11) 

N  being  the  variation  of  the  normal  field  across  the  gap. 

From  (11)  we  obtain: 


A  N 


d  dT 
R  Ip 


(12) 
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my  btt  C(Hisid«r«d  a  parasitic  aoraal  fisid  gansratsd 
by  tbs  variations  of  T.  Consldsratlon  of  ri^.  3  ihows  tbat  It 
is  tbs  tblcknass  of  tbs  ssnl-conductlng  dlslsctrle  ^icb  sanotbs 
tbs  varlatimi  of  T. 

Dscrsaslng  tbs  spacing  batsssn  cbargs  carrlsrs  (or, 
squlvalsntly,  Incrsaslng  tha  nusbar  of  cbarga  carriars)  raducas 
tba  Inducad  cbarga  par  cbar^  carriar  and  incraasaa  tba  fiald 
In  tba  rotor  dlalactrlc  (by  dacraaslng  tba  affactiva  langtb  of 
dlalactrlc  betaaan  Input  and  output  brusbas) .  Thus ,  a  limitation 
on  cbarga-carrlar  separation  Is  ultinataly  iaposad  by  tbs  braak- 
down  strangth  of  tba  dlalactrlc.  To  discuss  tba  af facts  of 
changing  charga-carrlar  saparatlon.  It  is  nacassary  to  consldar 
tba  mutual  influanca  of  charga  carriars  and,  thus,  to  darlva  flald- 
tbaoratically  tha  variation  of  potantial  batwaan  inductors. 

Tha  output  power  of  tha  machina  is  the  product  of  output 
currant  and  voltage.  Tha  output  currant  is  proportional  to  the 
excitation  voltage,  Vex*  While  the  output  voltage  is  the  sum  of 
the  excitation  voltage  and  the  product  of  the  tangential  field  , 
and  the  distance  t,  bet%ieen  inductors.  Thus,  as  a  function  of 
excitation  voltage,  the  output  power  if  varies  as 

W  -  -Vex  (Vex  +  tBr)  (13) 

Consequently,  H  is  a  maximum  for 

Vex  -  -%tET  (14) 


2.4  Homalised  Power 


Since  electrostatic  machines  are  built  in  various  con¬ 
figurations  and  slses  and  qperate  at  different  speeds,  it  is 
useful  When  conparlng  performance  of  such  machines  to  refer  to 
a  paraaieter  that  expresses  the  output.  Such  a  parasmter  is  the 
"normalised  power",  p,  %fhich  is  defined  as  the  power  output 
divided  by  the  area  traversed  by  the  charge  carriers  and  the 
average  linear  velocity  of  the  charge  carriers  and  has  the  units 
of  a  pressure  Which  can  be  expressed  in  ne«#tons/meter^  or  watts- 
sec/meter^.  For  a  cylindrical  machine  of  radius  R  and  length  L, 
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the  nomtlised  power  la  given  by 


^  "  (2iTRL)«R  “  2natR^L 
For  a  disk  machine, 

UR  3  3  3 

(Area)  (Velocity)  ■  J*  (oia)  (2tT8d8)  ■  (2/3)ntflR  (u  -  X  ) 

XR 

Consequently,  for  a  disk  machine  with  the  typical  values  X  ■  if, 
U  <B  1  (l.e.,  the  length  of  the  charge  carrier  is  one-half  the 
rotor  radius) ,  the  normalised  power  is  given  by 


P 


12W 

7v«R^ 


(16) 
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3.  BxptI— ntal  Invticatlon 


3.1  Alr~In»ttlafd  Modal 

Thtt  air-insulated  modal  of  the  constant  oblique  field 
electrostatic  generator  was  intended  to  prove  the  advantages  of 
having  a  constant  oblique  field  and  of  having  the  inductors 
esibedded  in  a  semi-conducting  dielectric  without  having  to  con¬ 
sider  the  special  requirements  necessary  to  operate  in  a  vacuum 
environment.  To  demonstrate  best  the  advantage  to  be  gained  by 
using  a  semi-conducting  dielectric  stator  two  generators  %fere 
built,  one  with  exposed  Inductors  and  one  with  the  Inductors 
enibedded  in  a  semi-conducting  dielectric. 


3.1.1  Design  and  Fabrication - Air- Insulated  Model 

The  generator  could  be  built  with  either  a  cylindrical 
rotor  or  a  disk  rotor.  The  disk  rotor  was  chosen  for  this 
investigation  for  it  was  felt  that  this  shape  would  better  lend 
Itself  to  the  many  modifications  required  in  the  program.  The 
scnni-conducting  dielectric  stator  could  be  fabricated  in  flat 
plates  rather  than  in  the  cylindrical  shape  which  would  have  been 
required  for  a  cylindrical  machine.  The  voltage  breakdown  path 
along  the  commutator  from  one  charge  carrier  to  another  is  greater 
in  a  disk  machine.  The  output  of  the  disk  machine  can  be  Increased 
by  stacking.  This  will  be  of  future  importance. 

The  rotor  has  an  effective  diameter  of  5  inches  (Figs.  4 
and  5)  .  This  size  was  chosen  because  it  %ms  large  enough  to  scale 
upwards  for  an  optimum  machine  but  small  enough  to  fit  in  the 
existing  vacuum  equipment.  The  optimum  charge-carrier  length  is 
one-half  the  effective  rotor  radius  or  1%  inches  in  this  case. 

The  charge  carriers  are  1/16  of  an  inch  in  diameter.  This  size 
was  a  good  compromise  between  the  small  size  thought  optimum  and 
<me  that  could  be  machined  and  handled  easily.  With  the  diameter 
and  length  of  the  charge  carriers  fixed,  a  spacing  of  five  degrees 
between  charge  carriers  was  chosen,  resulting  in  72  charge  carriers. 

A  144-charge  carrier  rotor  was  also  made  to  determine  the  effect  an 
increase  in  the  number  of  charge  carriers  has  on  performance.  This 
rotor  was  fabricated  by  inserting  half-length  rods  (5/8  inch)  between 
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Figure  4.  Air-Insulated  Constant  Oblique  Field  Electrostatic 
Generator  with  Biased  Inductors 


Figure  5.  Bpoxy  Rotor  with  Brush  Mounting  Ring 
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th«  full-length  rods  (Fig.  6) . 

The  effective  diasMter  end  effective  radius  are  SMasured 
only  to  the  surface  of  the  conautator.  To  increase  the  voltage 
breakdown  distance  from  the  coesmitator  to  the  inductors,  the  ends 
of  the  charge  carriers  are  located  at  the  bottom  of  a  groove  in 
the  rotor.  This  groove  wes  made  one-quarter  of  an  inch  deepi 
therefore,  the  rotor  diameter  is  actually  S^s  Inches.  The  width 
of  the  groove  is  3/32  of  an  inch  and  initially  the  rotor  %Nis  % 
of  an  inch  thick. 

The  insulating  body  of  the  rotor  had  to  have  a  high 
volume  resistivity  and  a  high  dielectric  strength,  be  easily 
machined,  and  able  to  foirm  a  good  bond  with  metal.  An  unfilled 
epoxy  resin,  Scotchcast  #3,  manufactured  by  Minnesota  Mining  and 
Manufacturing  Company,  was  chosen  as  the  insulating  material. 

The  volume  resistivity  of  this  material  is  10^^  ohm-cm  and  the 
dielectric  strength  is  1,000  to  1,500  volts  per  mil  for  a  10-mll 
thickness.  It  can  be  cast  readily  and  is  easily  machined.  The 
material  for  the  rotor  shaft  and  the  charge  carriers  %ms  chosen 
to  be  303  stainless  steel.  Precision  ball  bearings  were  pressed 
on  the  shaft. 

The  epoxy  rotor  disk  vras  cast  on  the  shaft,  machined  to 
size  and  then  the  charge-carrier  holes  %#ere  drilled  radially  in 
the  disk.  The  charge  carriers  were  inserted  in  the  holes  and 
bonded  in  place  with  epoxy  resin.  The  conmutator  groove  mis  then 
machined . 


The  major  and  minor  diameters  of  the  Inductors  are  the 
same  as  those  of  the  charge  carriers,  5  Inches  and  2h  inches, 
respectively;  a  four-pole  generator  was  selected.  It  was  thought 
that  the  inductors  should  cover  four  charge  carriers,  and  therefore, 
the  width  of  the  inductors  was  fixed  at  20  degrees.  The  material 
used  for  the  stator  plates  was  Scotchcast  #3  epoxy  resin,  chosen 
for  its  high  volume  resistivity,  its  dielectric  strength,  and  its 
machinabllity.  Rather  than  attach  inductors  of  a  conducting 
material  to  the  stator  plates,  inductors  %fere  formed  by  machining 
them  in  relief  in  the  stator  plates  and  then  coating  this  relief 
with  a  silver  conducting  paint. 

The  material  used  for  the  semi-conducting  dielectric 
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riguM  6fe  Detail  of  the  144  Charge  Carrier  Rotor 
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•tator  was  soda-lisM  glass  (Coming  Tvpa  0080) .  At  25**C  this 
glass  has  a  voluns  msistivlty  of  10^^  ohsh^n.  Tha  indnetiMrs 
wsra  palntad  on  tha  glass  with  a  silvar  conducting  paint.  Tha 
Plata  was  covarad  with  silicon  graasa  and  prassad  against  tha 
faca  of  tha  asqposad  inductor  plata.  Contact  batwsan  tha  paintad 
inductor  and  tha  glass  surfaca  was  acccMsplishad  usa  of  aluninun 
foil.  This  technique  allowed  maxinum  use  of  previously  fahricatad 
parts  and  at  the  same  tine  pemitted  ready  access  to  the  inductors 
When  modifying  the  inductors.  After  concluding  the  esqpariSMnt  in 
%ihich  the  size  and  shape  of  the  inductors  ware  modified,  tha  glass 
plates  were  bonded  to  insulating  glass  plates  with  epoxy  resin. 

The  end  plates,  «iAiich  house  the  bearings  and  provide  a 
frame  for  the  generator,  %«are  machined  from  2024  aluminum.  Adjust¬ 
able  bearing  retainers  ware  provided  to  permit  easy  adjustment  of 
the  rotor-stator  gap. 

The  first  brushes  %Mire  made  from  standard  carbon  brushes 
and  ware  designed  to  make  contact  with  the  charge  carriers.  How¬ 
ever,  it  %ms  quickly  determined  that  mechanical  contact  was  not 
required  for  commutation— in  fact,  better  results  could  be  obtained 
without  physical  contact.  One-sixteenth  inch,  stainless  steal  rods 
ware  substituted  for  the  carbon  brushes.  These  brushes  ware 
movinted  in  a  fixture  that  permitted  easy  adjustment  of  the  gap  and 
location  of  the  brush.  Later,  a  brush  ring  was  fabricated  for 
multiple  brush  operation.  This  ring  afforded  sensitive  adjustmnt 
of  the  brush  gap. 


3.1.2  Tests— -Air-Insulated  Model 


Tests  were  conducted  to  evaluate  the  performance  of  the 
constant  oblique  field  generator  with  exposed  Inductors  and  with 
Inductors  emibedded  in  a  semi-conducting  dielectric.  The  results 
demonstrated  the  advantage  to  be  gained  by  using  a  sesd-condocting 
dielectric  stator  and  a  constant  oblique  field.  The  normalised 
po«<er  was  in  excess  of  20  newtons/mter^ ,  Which  approaches  that 
of  some  vacuum- insulated  generators  reported  to  date. 

Static  tests  were  conducted  on  both  machines.  In  the 
case  of  the  machine  with  exposed  Inductors,  voltage  was  applied 
on  all  four  inductors  and  the  points  of  highest  field  concentration 
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war*  ob**rv*d.  Th*  contour  of  th*  indoetor*  aodifiod  until 
no  point*  of  field  concontration  could  li*  obeorvod  and  braaMbwn 
occurred  fron  randon  points  on  th*  surfae*. 

Braakdoim  with  the  saBd-condocting  dialactrie  stator 
occurred  between  the  ground  brush  and  the  excitation  lead  ^er* 
it  entered  the  stator.  Breakdown  did  not  occur  frexn  the  Inductors. 

Th*  rotor  was  checked  for  operation  up  to  15,000  rpn,  th* 
limit  of  the  drive.  Negligible  vibration  was  encountered. 

K  corona  load  was  mad*  that  could  effectively  vary  the 
load  resistance  from  zero  to  the  open-circuit  resistance  of  the 
generator . 

e 

During  the  preliminary  tests  it  wa*  determined,  as  men¬ 
tioned  in  3.1.1,  that  brushes  making  physical  contact  with  the 
charge  carriers  were  not  necessary.  It  was  found  that  connutation 
between  the  brush  and  the  end  of  the  charge  carrier  occurred  before 
the  brush  made  contact  with  the  charge  carrier  and  that  the  air 
adjacent  to  the  brush  was  constantly  ionised.  The  rods  substituted 
for  the  carbon  brushes  were  firet  adjusted  %rlth  a  gap  of  0.001  inch. 
Then  this  gap  was  Increased.  Little  difference  in  output  was 
noticed  over  a  range  from  0.001  to  0.010  inch. 

The  short-circuit  output  current,  as  a  function  of  speed 
with  a  constant  excitation  voltage  for  both  stators,  was  fbund  to 
be  linear— as  expected  (Fig.  7).  Therefore,  all  tests  were  con¬ 
ducted  with  a  constant  speed  drive  operating  at  3,550  rpm. 

The  e3g>o8ed  inductor  stator  was  excited  and  the  maximum 
excitation  voltage  that  could  be  applied  was  between  10  and  12  KF. 

At  this  voltage,  breakdown  occurred  between  the  input  inductor  and 
the  ground  brush  at  the  surface  of  the  commutator.  The  optimum 
excitation  voltage  was  6  KF.  Increasing  the  excitation  voltage 
above  6  did  not  increase  the  output — only  the  corona  on  the 
surface  of  the  inductor. 

With  the  semi-conducting  dielectric  stator  the  excitation 
voltage  could  be  Increased  to  30  KV  before  breakdown.  Which  occurred 
between  tYm  ground  brush  and  the  excitation  lead.  Where  it  entered 
the  stator.  With  the  semi-conducting  stator  the  excitation  voltage 
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CIRCUIT  OUTPUT  CURRCNT  -  MICROAMPePES 


H  8  la  14 

THOUSANDS  or  RPM 


Figure  7.  Short  Circuit  Output  Current  vs  RPM  for  the 
Air-Insulated  Generator 
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was  not  lisdited  by  brsaXdown  £ro«  ths  inductor  but  by  tbs  sxtsmal 
circuits.  Further  rsfinsnsnts  and  ihislding  of  ths  sxcitstion 
load  psrsdttsd  an  excitation  voltage  greater  than  30  KF  with  no 
flow  of  excitation  current  observable.  Breakdown  was  iK>t  deterxined. 
The  value  of  the  excitation  voltage  at  %diich  the  output  current  no 
longer  Increased  with  an  increase  in  excitation  voltage  was  now  15 
KF  or  better  than  twice  that  obtained  with  the  esqposed  inductors. 


The  short-circuit  output  current,  as  a  function  of  ex¬ 
citation  voltage,  is  shown  in  Pig.  8  for  the  exposed  inductor 
stator  and  the  semi-conducting  dielectric  stator.  In  addition, 
the  output  current  with  an  output  voltage  of  18  K(r,  as  a  function 
of  excitation  voltage,  is  shown  for  the  semi-conducting  dielectric 
stator.  The  dotted  lines  have  been  drawn  to  extend  the  curves  to 
their  point  of  origin.  Coiunutation  does  not  occur  with  gap  brushes 
until  a  minimum  excitation  voltage;  in  this  case  about  3.5  KV  is 
applied.  Since  the  origin  is  apparently  sero,  it  follows  that  the 
brush  losses  are  negligible.  The  break-off  of  the  curves  is  due  to 
the  ionization  of  the  air  in  the  etator-rotor  gap.  The  short-circuit 
curve  for  the  exposed  inductor  stator  and  for  the  semi-conducting 
dielectric  stator  fall  along  the  same  line  until  ionization  occurs. 
Increasing  the  dielectric  strength  of  the  stator-rotor  gap  should 
result  in  a  proportional  increase  in  output. 


The  output  current  and  output  voltage  for  both  stators 
is  shown  in  Fig.  9.  The  advantage  of  the  semi-conduct Ing 
dielectric  stator  is  quite  apparent.  Not  only  is  a  greater  out¬ 
put  realized  with  the  higher  excitation  voltage  attainable  but 
with  the  same  excitation  voltage  a  higher  output  voltage  can  be 
obtained  with  a  given  output  current,  resulting  in  a  larger  po%rar 
output.  With  6  IW  excitation  the  output  characteristics  for  both 
stators  are  compared  below: 


exposed  inductor  stator 
semi-conducting  dielectric  stator 


Iss 

Voc 

^max 

KV 

Nktts 

ao 

18 

0.45 

80 

30+ 

1.0 

Where  Iss  is  the  short-circuit  output  current  and  Voc  is  the  open- 
circuit  voltage. 
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OUTPUT  CURRENT-  MiCROAMPERES 


EXCITATION  VOLTAGE- KILOVOLTS 


Figure  8.  Output  Current  vs  Excitation  Voltage  for 
the  Air-Inaulated  Generator 
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OUTPUT  CURRENT-MICROAMPERES 


Figure  9.  Output  Voltage  vs  Output  Current  for  the 
Air-Insulated  Oenerator 
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An  additional  curva  labalod  "vacuon  gooMtry”  la  Shown 
in  both  Figs.  8  and  9.  Both  of  thssa  curvss  show  tlM  isptovasMnt 
in  output  obtained  using  parts  froai  ths  vacuvn  ganorator.  Uh- 
doidstadly,  additional  iaprovaaMnta  could  have  baan  ineorporstad 
in  tha  alr-Bodal  to  obtain  a  slightly  graatar  output  but  thay  wars 
dafarrad  to  continue  with  tha  vacuus  tests. 

At  3,550  rpm,  with  15  XV  asBCltatlon  voltage,  tha  naxlanim 
power  output  is  2.94  %fatts.  The  powar  output  realised  by  using  a 
saBd-condueting  dielectric  stator  is  better  than  t%rica  that  of 
tha  exposed  inductor  stator  with  tha  sane  excitation  voltage  and 
batter  than  five  times  tha  power  output  is  realised  «rtian  tha  exci¬ 
tation  voltage  is  increased  to  the  maximum  effective  voltage. 

Fig.  10  shows  the  output  current  vs.  output  voltage  of 
the  generator  for  the  exposed  inductor  stator  with  various  width 
inductors.  The  inductor  with  a  width  of  20^  proved  to  be  optimum. 
The  output  fell  off  rapidly  with  a  reduction  in  width  and  gradually 
with  an  Increase  in  width. 

Fig.  11  shows  the  output  current  vs.  output  voltage  for 
the  semi-conducting  dielectric  stator  with  various  width  Inductors. 
No  difference  in  output  could  be  noticed  for  an  inductor  width  of 
2qP  and  for  a  width  as  narrow  as  5°.  No  tests  were  made  below  this 
width  Indtactor.  Since  the  semi-conducting  dielectric  is  so  effec¬ 
tive  in  distributing  the  excitation  potential  on  the  face  of  the 
glass  plate,  the  width  of  the  inductors  was  changed  to  5°  to  make 
better  use  of  the  area  of  the  stator. 

An  increase  in  output  was  obtained  with  the  144-charge 
carrier  rotor  as  eaqpected  (Fig.  12)  but  the  performance  of  this 
rotor  was  not  thoroughly  investigated. 

The  generator  is  a  four-pole  machine  and  can  be  considered 
as  two  machines  operating  in  parallel.  One  of  these  machines  %<as 
connected  so  as  to  act  as  an  excitor  for  the  other.  Once  the 
circuit  was  externally  primed,  the  generator  operated  with  no 
difficulty  as  a  self-excited  machine. 

The  rotor  thickness  %ias  reduced  from  1/4  to  3/16  of  an 
inch  and  it  appeared  that  the  output  powar  Increased.  However, 
before  this  could  be  established,  the  rotor  was  damaged  and  warped 
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Figure  11.  Output  Voltage  vs  Output  Current  for  the 

Air-Insulated,  Seni-Conducting  Dielectric 
Stator  Generator  with  Various  Width  Inductors 
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Figure  IZ  Output  Voltage  ve  Output  Current  for  the 

Air-Inaulated,  Seni-Conducting  Dielectric 
Stator  Generator  Using  Only  One  Stator 
with  Two  Different  Rotors 
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•ncms^h  to  roquiro  tho  rotor-stator  gap  to  bo  Ineraaaad.  WLtb  tha 
largar  gap,  no  iaprovaaont  in  output  powar  could  ba  obaarvad. 

Tha  air-lnaulatad  nodal  baa  baan  taatad  with  two  atatora, 
ona  in  %Aiich  tha  inductors  ara  axposad  and  ona  in  «diieh  tha  in¬ 
ductors  ara  aabaddad  in  a  sani-eonducting  dialaetric,  ovar  a  spaad 
ranga  froa  saro  to  15,000  rpn,  with  loads  that  variad  froai  ahort- 
circuit  to  opan-circuit  and  with  axeitation  voltagaa  froai  saro  to 
valuaa  in  ancaaa  of  tha  optinal  axeitation  voltaga.  Tha  axeitation 
currant  is  aaro  xxp  to  tha  point  ^dtara  tha  optinal  axeitation  voltaga 
is  raaehad  in  tha  asposad  inductor  naehina  and  is  saro  wall  past  tha 
optinal  excitation  point  in  tha  case  of  tha  ami-conducting  dialae- 
trie  naehina.  Tha  rotor-stator  g^^  braakdotm  voltaga  doss  not 
affect  tha  generator  parforaanca  because  tha  optinal  excitation 
point  is  reached  long  before  breakdown  occurs. 

Efficiency  of  the  generator  is  equal  to  the  power  output 
divided  by  powar  iiqput.  At  3,550  rpn  the  power  output  of  the 
aeni-ccmducting  dielectric  anchine  is  2.94  watts  and  the  power 
input  fron  tha  drive  motor  is  3.46  watts.  Therefore,  the  efficiency 
of  this  naehina  in  air  is  2.94/3.46  or  85%.  The  generator  was 
designed  to  verify  the  principle  of  the  oblique  field  rather  than 
to  achieve  high  efficiency  per  se.  Consequently,  little  attention 
was  paid  to  the  windage  and  friction  losses  and  they  emprise  most 
of  the  losses  reflected  in  the  efficiency.  Now  that  the  principle 
has  been  established,  the  efficiency  should  be  able  to  bo  Inproved 
8  Ignif  icantly . 

Fig.  13  shows  the  partially  assemibled  exposed  Inductor 
generator.  Fig.  14  shows  the  partially  assenibled  semi-conducting 
dielectric  generator.  Fig.  15  shorn  the  assenibled  generator  with 
the  drive  motor  in  the  foreground  and  the  corona  load  in  the  back¬ 
ground. 


3.2  Vacuum  Breakdown  Investigations 

A  series  of  tests  have  been  acconplished  to  detersdne 
to  Which  extent  high  fields  could  be  obtained  between  electrodes 
that  are  protected  by  insulating  or  semi-cmducting  materials. 
The  most  pertinent  literature  on  the  subject  of  vacuum  breakdown 
las  been  selected  from  Ref.  7  and  has  been  studied;  tlMoretical 
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Figure  13.  View  of  the  Partially  Assenhled 
Air-Insulated  Generator  with 
Exposed  Inductor  Stator  in  Fore¬ 
ground  and  72  Charge  Carrier  Rotor 
in  Background 
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Figure  14.  View  of  the  Partially  Assenibled 
Alr-Inaulated  Generator  with 
Sead-Ccmductlng  Stator 


Figure  15.  View  of  the  Aaeenibled  Air-Insulated 
Generator  with  the  Drive  Motor  in 
the  Foreground  and  the  Corona  Load 
in  the  Background 
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invvstlgAtimui  hftv*  pradietad  that  an  incraaaa  in  tha  flald 
atrangth  could  ha  obtainad.  Thaaa  pradictions  hava  bam  confiaraad 
by  aaqparlMnts  conduetad  by  Murray  (Raf .  8) .  At  tha  tiM  of  writ¬ 
ing  thia  raport,  work  accoapllahad  at  tha  Ion  Phyaiea  Corporation 
on  dialactric  coatinga  (Raf.  9)  bacaaM  availabla  and  waa  maninad. 

Tha  taot  satup  utlllaad  for  tha  braakdown  ajqpariawnta  ia 
that  ahown  in  Fig.  16.  A  pollshad  alunintor.  aphara  ia  mounted  off- 
cantar  on  a  vertical  ahaft.  Tha  ahaft  la  mounted  an  tha  rotary 
paaathrough  by  means  of  a  rigid  ceramic  coupling.  Tha  vacuum 
chamber  and  its  rotary  passthrough  are  dascrlbad  in  Section  3.3. 
Tests  were  conducted  with  the  sphere  being  tha  ground  electrode 
and  with  the  sample  consisting  of  a  glass  plate  %d.th  tha  high 
voltage  electrode  being  an  area  covered  with  baked  conducting 
paint.  For  a  distance  of  %  millimeter,  breakdown  voltage  was 
around  30  kilovolts. 

Some  questions  have  been  raised  as  to  the  applicability 
to  electrostatic  generators  of  the  data  from  tests  Involving  one 
electrode  covered  with  a  dielectric.  During  static  tests  the 
voltage  on  the  surface  of  the  dielectric  dqpends  on  the  relative 
value  of  the  resistivity  of  the  dielectric  as  coaiparad  to  that 
of  the  vacuum.  The  parameter  of  interest  in  all  electrostatic 
generators  is  the  field  in  the  gap,  vAieraas  the  quantity  measured 
in  static  tests  is  the  voltage  between  the  electrodes;  in  general, 
the  field  in  the  gap  is  not  equal  to  the  voltage  divided  by  the 
gap  width.  To  achieve  no  field  or  a  reduced  field  in  the  dielectric 
requires  a  tisw  period  several  orders  of  magnitude  greater  than  the 
period  of  rotation  of  an  electrostatic  generator.  During  one  cycle 
of  an  electrostatic  generator  the  field  varies  cyclically  and, 
consequently,  there  exists  a  field  in  the  dielectric  of  the  rotor 
Whereas  in  static  tests  conducted  for  a  long  period  of  time  there 
nay  not  be  a  field  in  the  dielectric. 


3.3  Vacuum-Insulated  Model 

The  vacuum- insulated  model  of  the  ccmstant  oblique  field 
electrostatic  generator  was  intended  to  determine  the  gain  in 
performance  to  be  realised  by  operating  the  smchine  in  a  high 
vacuum  envirmmant. 
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ar«  tba  s«m  as  thosa  of  tha  air  aodal— — S-inch  aftectlva  diaaatar, 
^ineb  ovar>all  dlasMtar,  coasutator  groova  %  of  aa  ineb.dtsp*^ 
rotor  thicknass  %  of  an  ixith,  and  72  charga  carriars  1%  of  an  Indft 
long. 

Savanty-two  charga  carriars  aara  nada  by  smtallising 
holas  drillad  in  tha  rotor.  First,  hoaavar,  short  (1/B-ineh) 
holloa  brass  insarts  aara  scraaad  in  tha  ands  of  tha  holas  to  act 
as  a  aaaring  surface  for  tha  coasaitator.  Before  aatallising  tha 
holas,  tha  rotor  aas  tasted,  using  only  those  insarts  as  charge 
carriers . 


A  test  stator  aas  fabricated  for  preliminary  tasting. 

This  stator  had  three  pairs  of  poles,  one  pair  spaced  to  correspond 
to  a  four,  one  pair  to  an  eight,  and  one  pair  to  a  sixteen-pole 
mschine.  In  anticipation  of  a  substantial  increase  in  output 
voltage  for  vacuum  operation,  a  sixtaen-pole  machine  %«as  envisioned. 
The  test  stator  would  check  the  validity  of  this  assunptimi.  Tha 
stator  was  made  by  painting  narrow  5-degree  inductors  on  the  glass, 
semi-conducting  dielectric  plate  and  bonding  this  plate  to  a  Nyealax 
or  glass-backing  disk  with  an  epoxy  resin.  With  this  construction 
the  oitly  organic  material  esqposad  to  tha  high  vacuum  anvironawnt  %fas 
the  narrow  band  of  epoxy  at  the  edge  and  at  the  center  hole  of  tha 
disk.  The  inductor  leads  ware  brought  out  through  the  back  of  the 
stator.  In  anticipation  of  the  results  of  this  test,  eight  and 
sixteen-pole  stators  were  fabricated. 

Qap-type  brushes  %iare  built  that  could  be  adjusted  with 
less  than  one  one-thousandths  of  an  inch  clearance  between  tha 
end  of  the  brush  and  the  end  of  the  charge  carriers.  The  brushes 
%fere  machined  to  a  sharp  point  to  promote  discharges.  Molybdenum 
disulfide  lubricated  bearings  %iere  used. 

The  generator  was  mounted  on  the  base  plate  of  the  oil 
diffusion  pump  high  vacuum  unit.  The  unit  %ias  enclosed  with  an 
18- inch  diameter,  30- inch  high  glass  bell  jar.  Located  in  the 
base  plate  were  a  150  KV  and  a  50  KV  feedthrough,  in  addition  to 
several  low  voltage  feedthroughs.  A  rotary  magnetic  feedthrough 
was  provided  to  drive  the  generator  from  outside  the  vacuum  chaaOier. 
The  diffusion  pump  has  a  chevron-type,  water-cooled  baffle  to 
Ihhibit  migration  of  any  oil  into  the  high  vacuum  chamber.  In 
addition,  a  liquid  nitrogen  cold  trap  is  located  just  above  the 
baffle  in  the  high  vacuum  manifold. 
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Fig.  18  uhenm  tiM  tihrM  rotors.  Ths  73-elMir9«  csrrior. 
•poxy  rotor  is  on  ths  Isfti  ths  glsss-bondsd  sdcs  rotor  is  in 
ths  esntsr  snd  ths  144-chsrgs  csrrisr,  ^poxy  rotor  is  on  ths 
right.  Fig.  19  shows  ons  of  ths  brush  holders,  ths  glsss-hondsd 
nice  rotor  and  ons  sixtssn-^ls  stator.  Fig.  20  shows  three  glass- 
bonded  nica-baclced  stators  in  the  foreground.  The  rotor  is  mounted 
on  the  test  stand  behind  ths  stators.  Fig.  21  shows  the  generator 
mounted  on  the  vacuum  chasiber  baseplate.  The  150  KF  bushing  is  in 
the  background,  and  the  SO  KV  bushing  is  on  the  right.  One  of  the 
glass-backed  test  stators  is  seen.  This  stator  is  designed  to  test 
two  poles  of  a  sixteen-pole  generator. 


3.3.2  Tests— -Vacuum-Insulated  Model 


All  vacuum  tests  were  conducted  in  a  pressure  between 
8  x  10"^  and  2  x  lO"^  mnHg.  The  pressure  was  measured  with  a  hot- 
cathode  ionization  gauge  located  in  the  high  vacuum  manifold.  In 
the  beginning.  When  a  conponent  was  Installed  in  the  vacuxim  chamber 
for  the  first  time,  a  pump-down  of  at  least  24  hours  was  made 
before  conducting  any  tests.  Later,  it  was  found  that  if  these 
components  were  placed  in  the  chamber  at  the  top  of  the  bell  Jar, 
they  did  not  Interfere  with  the  tests  and  a  great  deal  of  time  was 
saved  bet%#een  tests  for  the  components  vmre  continuously  being 
"vacutmi  conditioned".  All  components  were  thoroughly  %«ashed  with 
a  suitable  solvent,  followed  by  acetone,  prior  to  installation. 


The  plan  was  to  first  test  the  generator  at  1,775  rpm 
with  only  the  1/8-inch  hollow  inserts  as  charge  carriers  and  with 
one  stator  instead  of  the  ustial  t%«o  to  facilitate  changes.  The 
first  stator  to  be  used  was  the  test  stator  with  the  three  specially- 
spaced  pairs  of  inductors.  The  results  of  these  tests  would  deter¬ 
mine  the  influence  of  the  distance  between  the  poles. 

Static  tests  %«ere  cmducted  on  the  stator.  In  air,  better 
than  30  KV  was  applied  to  the  inductors  and  no  excitation  current 
could  be  observed.  In  vacuvun,  however,  discharges  occurred  in  and 
around  the  glass  tubing  used  to  bring  the  inductor  connections  out 
of  the  stator.  These  discharges  %rare  redticed  by  removing  as  much 
of  the  tubing  as  possible,  ^parently,  the  tubing  trapped  gases. 
Which  ionized  vpon  being  subjected  to  an  electric  field. 
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Figure  19.  View  of  the  Brush  Ring,  Rotor  and  Stator 
of  the  Vacuum-Insulated  Generator 


Figure  20.  View  of  Three  Test  Stators  and  One  Rotor 
for  the  Vacuum-Insulated  Generator 
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Figure  21.  View  of  the  Vacuum-Insulated  Generator 
Mounted  on  the  Vacuum  Chamber  Baseplate 
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Th«  9«n«rator  %«•  first  tsstsd  in  sir  and  opsrstsd  psr- 
fsctly.  In  vscuu9,howsvsr,  thsrs  %«ss  no  output.  A  t%«o-pols 
Btstor  and  gap-typa  brushas  usra  bsing  ussd.  Hm  brushas  %«ara 
than  adjustad  so  cloaa  to  the  connutator  that  they  actually 
touched  at  several  points.  Now.  sokm  currant,  one  or  two  micro- 
amps.  vras  generated  in  short  circuit.  The  charge-carrier  holes 
in  the  rotor  were  plated.  The  short-circuit  current  now  was  2 
or  3  micro-amps. 

The  non-contact  type  of  brush  was  discarded.  Contact- 
type  brushes  were  then  fabricated.  The  following  types  «fere 
fabricated  and  tested: 

a)  single  wire 

b)  flexible  strip 

c)  ball 

d)  multiple  wire 

e)  silver  graphite 

f)  oilite 

Little  success  was  experienced  with  the  strip-type  of  brush  but 
sufficient  output  was  generated  with  each  of  the  other  five  brushes 
to  plot  a  curve  (Fig.  22)  of  output  current  vs.  output  voltage. 

All  five  brushes  produced  about  the  same  results.  Additional  tests 
indicated  that  poor  commutation  apparently  was  responsible  for  the 
low  output  obtained. 

The  144-charge  carrier,  epoxy  rotor  was  re-designed. 

The  commutator  shield  was  machined  off  and  the  epoxy  removed  from 
around  the  tips  of  the  charge  carriers.  Then  the  ends  of  the 
charge  carriers  were  carefully  machined  so  that  the  surface  %iias 
smooth  and  concentric.  Now  the  brushes  contacted  only  the  charge 
carriers  and  they  were  designed  to  bridge  three  charge  carriers 
to  reduce  brush  bounce  to  a  minimum.  The  two  brush  materials 
that  seemed  to  perform  best  in  the  previous  tests,  silver  graphite 
and  oilite.  were  used  with  the  new  consutator .  A  substantial 
Improvement  in  output  %#as  now  obtained.  Fig.  23  shows  the  short- 
circuit  output  current  as  a  function  of  excitation  voltage  for  a 
two-pole  stator  with  sixteen-pole  generator  spacing.  Fig.  24 
shows  the  output  current  as  a  function  of  output  voltage  for  three 
excitation  voltages.  The  34  KV  excitation  power  curve.  Fig.  24, 
has  been  extrapolated  from  the  excitation  curve  of  Fig.  23.  The 


43 


OUTPUT  VOLTAGE  •  KILOVOLTS 


Flgvure  22 


Output  Voltage  vs  Output  Current  for  the 
Vacuun-Insulated  Generator 


o  10  20  30  VO 

EXCITATION  VOLTAGE -KILOVOLTS 


Figure  23.  Output  Current  ve  Excitation  Voltage  for 
the  Vacuum-Insulated  Generator 
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OUTPUT  CURRENT- MICROAMf’ZP.ES 


Figure  24.  Output  Voltage  vs  Output  Current  frr  the 
Vacuum-Insulated  Generator 
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hi^st  •xcltatlon  voltag*  that  could  b«  attainod  without  hraak- 
down  was  36  KV  but  no  value  for  output  could  bs  obtained  at  this 
point.  Breakdown  occurred  outside  the  rotor-stetor  gap.  Inprove- 
Mnt  in  geomat ry  of  the  generator  would  bo  reguired  to  obtain 
higher  excitation  values.  Fig.  23  indicates  that  the  maximum 
field  strength  permitted  in  the  gap  has  not  been  reached.  With 
27  KV  excitation,  the  normalised  power  is  27  newtons/mater^  and 
with  the  extrapolated  34  ^  excitation  power  curve,  the  normalised 
power  is  53  newtons/mater^ . 

It  was  not  possible  to  obtain  sufficient  data  to  calculate 
the  efficiency  of  the  vacuum- Insulated  generator.  The  generator 
output  was  drowned  by  the  drive  requirements. 

Fig.  25  sho%m  the  instrumentation  setup  for  the  tests. 


3.4  SuMBmrv 

The  advantage  to  be  gained  by  use  of  a  semi-conducting 
dielectric  stator  in  a  constant  oblique  field  electrostatic  gen¬ 
erator  has  been  demonstrated  in  the  air  tests.  The  po%Mr  realised 
by  use  of  such  a  stator  was  better  than  twice  that  of  a  generator 
with  exposed  Inductors  for  the  same  excitation  voltage  and  better 
than  five  times  «dien  the  excitation  voltage  imb  raised  to  the 
optimal  value  permitted  by  the  semi-ccmducting  dielectric. 

The  results  obtained  in  air  yield  a  power  of  12.5  watts 
at  15,000  rpm.  The  normalised  power  is  20  newtons /meter^  %d)ich 
ccxipares  favorably  with  vacuum- insulated  generators  reported  to 
date. 


The  technical  literature  shows  that  the  dielectric 
strength  of  vacuum  is  about  ten  times  that  of  air.  This  result 
has  been  verified  by  Cosmic,  Inc.  and  gradients  of  30  BV/mm  have 
been  obtained.  From  these  considerations,  it  appears  that  an 
increase  of  power  by  a  factor  of  50  or  100  should  be  eiqpected 
When  replacing  air  by  vacuum  as  a  dielectric.  In  tests  accom¬ 
plished  by  Cleveland  Pneumatic  Industries,  tha  power  of  the  same 
machine  was  80  milliwatts  in  air  and  1.6  watts  in  vacuum,  i.e., 
an  increase  by  a  factor  of  about  20,  despite  the  fact  that  the 
machine  contained  a  large  amount  of  organic  miterlal.  Conaequently, 
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Figure  25 


.  InMtrunentatlon  Sett^g)  for  the  Vacwn 
3an«rator  Teste  (Fron  Left)  Corona 
Load,  Output  Current,  Output  Voltage, 
E>«<citation  Voltage,  Bxcitatlon  Voltage 
Power  St^ly,  Vacuum  Gauge  Control 
(■Below  Table)  Excitation  LeaXage  Currant, 
Inr^t  Brush  Current,  Vacuum  Chit 
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th«  MChin«  built  at  Cosmic,  Inc.  under  the  present  contract 
should  be  capable  of  a  poiper  of  250  %imtts  to  1.2  kilowatts,  l.e., 
a  norsmllsed  powsr  of  400  to  2,000  newtons A^ter^ .  Bowsver,  the 
tests  accomplished  have  resulted  in  a  power  of  16.7  watts  at 
15,000  rpm,  l.e.,  a  normalised  power  of  27  ne«ftons/Bster^.  Fig. 
26  is  a  comparison  of  the  normalised  powsr  of  three  generators. 
It  illustrates  the  fact  that  there  is  still  much  improvement  to 
be  sjq^ted  in  the  performance  of  the  vacuusH insulated  c.o.f. 
generator. 


3.5  Bxtrapolation  to  Hidh  Speeds 


The  constant  oblique  field  generator  is  well-suited  for 
operation  at  very  high  speed.  The  problem  has  been  examined  both 
from  the  standpoint  of  mechanical  stress  analysis  and  from  the 
stan^^int  of  vibration.  Calculations  of  the  powsr  produced  by  a 
given  machine  may  be  Imnsdiately  determined  from  the  normalised 
power. 


Actual  power  «  normalised  power  x  -rg-.  An  average 
fiberglass-reinforced  epoxy  resin  may  have  a’^maxlsnim  allo«fable 
stress  of  40,000  psl.  For  this  material  and  a  rotor  having  a 
thickness  at  the  h\ib  equal  to  twice  the  thickness  of  the  charge 
carrier  section  with  the  two  areas  connected  by  a  hyperbolic 
section,  rotation  at  24,000  rpm  is  possible  with  a  rotor  radius 
of  8  inches  or  0.2  meters. 


For  such  a  generator  the  actual  power  is  equal  to  the 
normalised  power  x  37.  For  instance,  with  a  norsmllsed  power 
of  20  newtons/meter^  the  output  would  be  740  watts  in  air  and 
with  a  normalised  power  of  400  to  be  ei^ected  in  vacuum,  the 
power  would  be  15  kilowatts.  No  inorganic  material  has  been 
found  in  this  program  %diich  would  sustain  as  high  a  stress  as 
a  fiberglass-reinforced  epoxy  but  it  is  expected  that  such  a 
material  could  be  developed. 

The  shaft  of  the  generator  %rill  bo  subject  to  the  same 
vibrations  as  any  other  high-speed,  rotating  device.  One 
potential  sc^urce  of  vibratimi  peculiar  to  this  type  of  generator 
has  been  analysed  here.  The  retarding  force  applied  to  each  charge 
carrier  is  interrvqpted  very  briefly  While  the  carrier  is  adjacent 
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Figure  2C.  Comparison  of  Normalized  Power  of  the  Following 
Generators 

Cosmic:  Constant-oblique  field  generator 
C.P.I.:  Single  capacitor — three  elements  machine 
tested  by  Cleveland  Pneumatic  Industries 
Fellci:  Cmmerclal  insulating  carrier  generator 
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to  an  inductor.  For  a  144-char9a  carriar  rotor  at  24,000  rpn, 
variaticms  of  tha  torqua  ara  transnittad  to  tha  rotor  at  a 
fraquaney  of  5.76  kilocyclas  lihieh  in  turn  has  to  ba  MUltipliad 
by  tha  nusbar  of  rotors  nountad  on  tha  sasM  shaft.  A  significant 
natural  fraquaney  of  vibration  for  a  rotor  would  not  likaly  axist 
at  this  fraquaney. 
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4.  Conclu«lon«  and  R«co«»endatlon» 


Ths  air  tests  have  proved  the  feasihlillty  of  the  con¬ 
stant  oblique  field  generator  and  have  dsaonstrated  this  aodel 
as  capable  of  higher  po«ier-to-«ei^t  ratios  than  other  known 
types  of  generators.  The  vacuum  tests  have  yielded  an  output 
hi^er  than  that  obtained  in  air  but  still  an  order  of  magnitude 
lower  than  that  Which  can  be  predicted  from  the  esqperimental  data 
on  vacuum  breakdown. 

It  is  recommended  that  further  studies  be  undertaken  on 
this  concept  of  generator  and  that  they  Include t 

1)  Bsperlmentatlon  of  various  comnatatlon  methods t 

2)  Construction  of  a  one-disk  generator  capable  of 

rotating  at  high  speed; 

3)  Construction  of  a  compact  assembly  of  several 

rotors  on  the  same  shaft. 
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